Introduction
Camptothecin, originally isolated from an extract of a Chinese tree Camptotheca acuminata (Nyssaceae) (Wall et al. 1966) , exhibits anti-tumor activity, which is due to its ability to inhibit DNA topoisomerase I (Hsiang et al. 1985) . At present semi-synthetic water-soluble camptothecin analogues, topotecan and irinotecan, are used as clinical anti-tumor agents throughout the world. They are synthesized from natural camptothecin, which is obtained by extraction and purification from C. acuminata and other plants. Although camptothecin is one of the most promising anti-tumor drugs of plant origin, its biosynthetic pathway and regulatory mechanism of production remain unclear. Recently, a hairy root culture of Ophiorrhiza pumila has been established by infection with Agrobacterium rhizogenes (Saito et al. 2001 ). This hairy root produces a high level of camptothecin and excretes it into the medium in a large quantities (Saito et al. 2001 . This hairy root system would be the most feasible and maybe commercially applicable way to produce camptothecin by in vitro cell culture, and it may also create a suitable experimental system for molecular study of camptothecin production.
Camptothecin is a modified TIA found in a number of plant species belonging to the families Apocynaceae, Icacinaceae, Nyssaceae and Rubiaceae. The initial step of TIA biosynthesis involves the strictosidine synthase (STR; EC 4.3.3.2)-mediated condensation of tryptamine with the iridoid glucoside secologanin ( Fig. 1 ) to yield strictosidine Zenk 1977, Stöckigt and Ruppert 1999) , a universal precursor to a wide range of TIAs. Intramolecular cyclization of strictosidine yields strictosamide, a penultimate precursor of camptothecin formation in C. acuminata (Hutchinson et al. 1979) . The cDNA encoding STR was firstly isolated from Rauvolfia serpentina (Kutchan et al. 1988 ) and subsequently from Catharanthus roseus (McKnight et al. 1990 ). Those STR genes have been heterologously expressed in Escherichia coli, yeast, insect cells and tobacco (Kutchan 1989 , Kutchan et al. 1994 , McKnight et al. 1991 , Roessner et al. 1992 . Tryptamine, providing the indole moiety of TIAs, is formed by decarboxylation of tryptophan by the enzyme tryptophan decarboxylase (TDC; EC 4.1.1.28) (Noé et al. 1984) . This reaction represents a branching point from primary metabolism into a secondary pathway. The cDNA clone encoding TDC was isolated from C. roseus (De Luca et al. 1989) . The secologanin moiety is derived from a monoterpenoid, geraniol. The enzyme geraniol 10-hydroxylase (G10H; EC 1.14.14.1) is a cytochrome P450 monooxygenase, which hydroxylates a monoterpenoid geraniol at the C-10 position. This reaction forms the first committed step in the formation of secologanin (Collu et al. 2001) . The final reaction for biosynthesis of secologanin is also catalyzed by a P450 protein, secologanin synthase (SLS; EC 1.3.3.9) (Irmler et al. 2000 , Yamamoto et al. 2000 . The enzyme NADPH:cytochrome P450 reductase (CPR; EC 1.6.2.4) is essential for the activity of G10H and other cytochrome P450 monooxygenases, since it functions in electron transfer from NADPH to cytochrome P450 (Meijer et al. 1993 ). Characterization of genes encoding enzymes in camptothecin biosynthesis may reveal the way in which this pathway is regulated. However, no molecular cloning study has been reported for the camptothecin biosynthetic pathway in O. pumila.
In C. roseus cell suspensions, the STR, TDC and CPR genes encoding STR, TDC and CPR proteins, respectively, are coordinately induced by fungal elicitors (Roewer et al. 1992 , Pasquali et al. 1992 , Meijer et al. 1993 , methyl jasmonate (MeJA) (Menke et al. 1999a , Collu et al. 2001 , and are repressed by auxin , Pasquali et al. 1992 . Furthermore, the expression of STR (Pasquali et al. 1992, Ouwerkerk and Memelink 1999) , TDC (Goddijn et al. 1995) and CPR (Meijer et al. 1993 ) is higher in roots of C. roseus plants than in leaves and stems. However, in the hairy root culture of O. pumila neither MeJA or fungal elicitor enhanced camptothecin production (Saito et al. 2001 ). This result suggests that the molecular regulatory mechanism involved in camptothecin biosynthesis in O. pumila may be different from that in C. roseus.
In this paper, we report the molecular cloning of the cDNA encoding STR, TDC, and CPR from O. pumila hairy roots. Heterologous expression of OpSTR and OpTDC in E. coli cells yielded functional enzymes, and the enzymatic properties of the recombinant proteins were determined. We also show the tissue-specific expression and the effect of several stress compounds on mRNA accumulation of these three genes, on STR activity and on camptothecin accumulation.
Results

cDNAs encoding STR, TDC and CPR
The cDNAs encoding STR, TDC and CPR were cloned using homology-based approaches. The isolated full-length STR cDNA sequence (OpSTR) contained a 1,056 bp open reading frame (ORF) encoding a protein of 351 amino acids with a molecular mass of 38.9 kDa. The deduced amino acid sequence of OpSTR exhibited 51% and 55% identities with STRs from C. roseus and R. serpentina, respectively. OpSTR is most likely located in the vacuole according to the prediction by PSORT program (http://psort.ims.u-tokyo.ac.jp/). The vacuolar localization of C. roseus STR was experimentally proven (McKnight et al. 1991 , Stevens et al. 1993 .
The isolated TDC cDNA sequence (OpTDC) contained a 1,521 bp ORF encoding a protein of 506 amino acids with a molecular mass of 56.6 kDa. Deduced OpTDC showed high identity to C. acuminata and C. roseus TDCs (71% and 67%, respectively, at the amino acid level). Most amino acid decarboxylases require, for their activity, a pyridoxal 5′-phosphate cofactor linked to the ε-amino group of a lysine residue. In OpTDC, Lys-318 is most likely to be the residue attached with a pyridoxal 5′-phosphate. A multiple sequence alignment of the deduced amino acid sequences of TDCs and other aromatic amino acid decarboxylases indicates a remarkable degree of sequence conservation among plant species and different decarboxylase proteins.
The full-length CPR cDNA sequence (OpCPR) contained a 2,073 bp ORF encoding a protein of 690 amino acids with a molecular mass of 76.6 kDa. Deduced OpCPR showed high identity with Arabidopsis thaliana, Petroselium crispum, Pisum sativum, and Triticum aestivum CPR (72%, 66%, 65%, and 67%, respectively, at the amino acid level). Sequence comparison of the plant CPRs indicates that the several domains involved in putative co-factor binding sites are well conserved whole over the sequence (Meijer et al. 1993) . A hydrophobic domain is found close to the N-terminus (amino acid position 19-41) and probably is responsible for the membrane binding.
The phylogenic trees based on the deduced amino acid sequences of STRs and STR-like proteins, decarboxylase proteins and CPR proteins are shown in Fig. 2A , 2B and 2C, respectively. As shown in Fig. 2A , this phylogenic tree suggests that STRs from O. pumila, C. roseus and R. serpentina form a small group, of which the catalytic function is experimentally proven (Kutchan et al. 1988 , McKnight et al. 1991 . The function of STR-like proteins in A. thaliana and tomato (Lycopersicon esculentum) has not been revealed. Since it is not known that A. thaliana and tomato produce TIAs, the STR-like proteins in these plants may have different functions. From Fig. 2B , TDCs from O. pumila, C. acuminata and C. roseus are located in a different position from tyrosine decarboxylase (TYDC; EC 4.1.1.25) from Papaver somniferum (Facchini and De Luca 1994) , P. crispum (Kawalleck et al. 1993 ) and A. thaliana, and dopa decarboxylase (DDC) from Homo sapiens (Ichinose et al. 1989 ). Fig. 2C shows that CPRs from O. pumila and other plants are located in a separated position from yeast (Saccharomyces cerevisiae) and fungi (Candida tropicalis) CPRs.
Functional expression of OpSTR and OpTDC in E. coli
To confirm the function of the proteins encoded by the isolated cDNAs, the coding regions of OpSTR, OpTDC, CrSTR (cDNA encoding STR of C. roseus) and CrTDC (cDNA encoding TDC of C. roseus) were expressed in E. coli. The enzyme activities of OpSTR and OpTDC produced in E. coli were compared to those of CrSTR and CrTDC. The purified OpSTR was found to have a STR activity [37.3 pkat (mg protein)
-1 as the formation of strictosidine], whereas the extract with empty vector pETBlue-2 showed no STR activity. Therefore, OpSTR cDNA indeed encodes a functional STR protein. The optimum pH for the reaction of OpSTR was pH 7.2-7.8. The apparent K m values for the recombinant OpSTR for secologanin and tryptamine were 0.95 mM and 0.85 mM, respectively. These K m values were similar to those of native plant enzyme from (Thompson et al. 1994 ) with default setting and the tree were developed with TreeView (Page 1996) . The sequences from Ophiorrhiza pumila are underlined. Abbreviations and accession numbers in GenBank: OpSTR, O. pumila STR (AB060341); CrSTR, Catharanthus roseus STR (X61932); RsSTR, Rauvolfia serpentina STR (Y00756); At1g74000, At1g74010, At1g74020, At2g41290 and At2g41300, Arabidopsis thaliana putative STR (U43946, AC016662, U43713, AF076979 and AC005662); LeSTR, Lycopersicon esculentum putative STR (AF261141); OpTDC, O. pumila TDC (AB086168); CaTDC1 and 2, Camptotheca acuminata TDC (U73656 and U73657); CrTDC, C. roseus TDC (M25151); PsTYDC1 and 2, Papaver somniferum TYDC (U08597 and U08598); PcTYDC2, Petroselium crispum TYDC (M96070); AtTYDC, Arabidopsis thaliana TYDC (AY074539); HsDDC, Homo sapiens DDC (M76180); OpCPR, O. pumila CPR (AB086169); AtATR1 and 2, A. thaliana CPR (X66016 and X66017); PcCPR, P. crispum CPR (AF024635); PeaCPR, Pisum sativum CPR (AF002698); TaCPR, Triticum aestivum CPR (AF123610); CtCPR, Candida tropicalis CPR (M35199); ScCPR, Saccharomyces cerevisiae CPR (D13788). hairy roots [0.90 mM and 0.50 mM for secologanin and tryptamine, respectively (Yamazaki et al. 2003) ]. In comparison, the K m values for the recombinant CrSTR were 1.4 mM and 0.4 mM, respectively, suggesting that OpSTR has higher affinity to secologanin but lower affinity to tryptamine than CrSTR does.
Similarly, the recombinant OpTDC protein catalyzed the formation of tryptamine [14.7 pkat (mg protein)
], while vector pETBlue-2 was unable, indicating that OpTDC cDNA indeed encodes a functional TDC protein. The optimum pH for the reaction of OpTDC was observed at pH 7.6-7.8. The apparent K m values for the recombinant OpTDC and CrTDC for tryptophan were 0.72 mM and 1.31 mM, respectively, indicating OpTDC has also higher affinity to tryptophan than CrTDC. The activity of the OpTDC was inhibited by the presence of hydroxylamine, which is a chemical inhibitor of pyridoxal 5′-phosphate-dependent reactions, thus pyridoxal 5′-phosphate was essential for the catalytic activity.
The genomic complexity of STR, TDC and CPR in O. pumila
Southern blotting was performed to estimate the gene copy numbers of STR, TDC and CPR (data not shown). The results suggested that a single-copy of both the STR-and CPRencoding genes are present in the genome of O. pumila. On the other hand, the TDC-encoding gene is presumably present as at least two copies. Some decarboxylases, such as C. acuminata TDC (López-Meyer and Nessler 1997), opium poppy TYDC (Facchini and De Luca 1994) , and parsley TYDC (Kawalleck et al. 1993) , are encoded also by multiple-copy genes.
Tissue-specific expression of STR, TDC and CPR in O. pumila
The gene expression of OpSTR, OpTDC and OpCPR in different parts of the sterile plant and hairy roots of O. pumila are shown in Fig. 3 . The expression patterns of OpSTR and OpTDC were quite similar. The highest OpSTR and OpTDC expression occurred in hairy roots, followed by the root and the stem, whereas neither gene was apparently expressed in leaves. In contrast, all tissues studied expressed OpCPR. These results suggest that expression of OpSTR and OpTDC occurs in tissues that are presumably specialized in camptothecin biosynthesis. Western blot analysis showed that the level of STR protein was well coordinated with OpSTR gene expression and STR enzyme activity (Yamazaki et al. 2003) . The immunoreactive STR protein was found in two bands presumably due to different glycosylation forms or other alternative protein modifications.
Effects of stress compounds on gene expression in hairy root
The effect of several stress compounds was examined for the expression of OpSTR, OpTDC and OpCPR in hairy roots ( Fig. 4A-C) . The 3-week-old hairy roots of O. pumila were treated with MeJA, SA, yeast extract (YE), sodium chloride, potassium chloride, sucrose plus sorbitol, N 6 -benzyladenine (BA) and 1-naphthalenacetic acid (NAA) up to 18 or 48 h. The expression of OpSTR, OpTDC and OpCPR was examined by Northern blot analysis. The expression patterns of OpSTR and OpTDC modulated by the compounds again exhibited a very similar trend. SA and YE treatments resulted in a repressive effect on the expression of both OpSTR and OpTDC. Interestingly, dimethyl sulfoxide (DMSO) itself used as solvent induced the expression of OpSTR and OpTDC. This inducing effect was specific to OpSTR and OpTDC; no induction by DMSO was observed with OpCPR. MeJA, a well-known signal compound, exhibited no effect on OPSTR and OpTDC expression. BA also had no effect. NAA down-regulated OpSTR expression but did not change OpTDC expression. In contrast to the similar modulation of OpSTR and OpTDC expression, no treatment resulted in an induction or a repression of OpCPR transcript.
In order to elucidate whether the induced or reduced accumulation of the OpSTR transcript would affect STR activity, proteins were extracted from hairy roots were assayed for STR activities (Fig. 4D ) and analyzed by Western blotting using anti-STR antibody (data not shown). In spite of the activation and repression of STR gene expression observed for some treatments, the levels of STR enzyme activity and immunoreactive STR protein were relatively stable until 48 h.
Effects of stress compounds on camptothecin production in hairy root
Levels of camptothecin in 3-week-old hairy roots were analyzed after the treatment for 4 d with the stress compounds (MeJA, SA, NaCl, sucrose plus sorbitol and YE) as examined for gene expression. Hairy roots were also grown in the pres- -1 ) isolated from roots, stems and leaves of six-month-old sterile plants, and three-week-old hairy roots was separated in a formaldehyde/agarose gel, transferred onto positively charged nylon membranes and hybridized to 32 Plabelled full-length OpSTR, OpTDC, and OpCPR cDNAs, respectively, and rDNA. In Western blot analysis, proteins (50 µg) were separated by a 12% SDS-polyacrylamide gels and electroblotted onto polyvinylidene difluoride membranes. STR was detected by incubating the blot in anti-STR antibody (1 : 2,000 dilution) followed by goat anti-rabbit immunoglobulin G anti-body (1 : 4,000 dilution) conjugated to alkaline phosphatase, and reacted with 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium.
ence of BA and NAA for four weeks to investigate the effects of these phytohormones (Fig. 5) . A slight increase of camptothecin accumulation (~1.5-fold) was observed sodium chloride-treated samples. YE and BA were found to inhibit camptothecin accumulation. This is probably due to the decreased cell-growth rates caused by the inhibitory effects of these compounds as indicated in Fig. 5 .
Discussion
In this present study, cDNA clones encoding STR and TDC and CPR were isolated and characterized from hairy roots of O. pumila. Northern blot analysis indicates that OpSTR and OpTDC are expressed at different levels in different tissues of the plant, with highest levels expressed in the root (Fig. 3) . It should be noted that the mRNA expression patterns of OpSTR and OpTDC regarding tissue-specificity (Fig. 3 ) and response to stress compounds (Fig. 4) are quite similar, but the expression of OpCPR is different. These results suggest that the expression of committing genes for TIA biosynthesis such as STR and TDC is coordinately regulated in O. pumila. However, CPR is not controlled by this regulatory system operated for STR and TDC expression. CPR expression is constitutive, probably because OpCPR that is encoded by a single-copy gene is not only involved in the synthesis of TIA by electro transfer to P450s involved in camptothecin formation but also participates in other P450 reactions. However, in cell cultures of C. roseus, addition of stress compounds was found rapidly to enhance the CPR steady-state mRNA level (Meijer et al. 1993 ). Our results demonstrate that the regulatory mechanism of CPR Stress compounds were added to 3-week-old hairy root cultures (50 ml). The final concentration and additives were: 50 µM methyl jasmonate (MeJA) in DMSO (10 µl), 100 µM salicylic acid (SA) in DMSO (10 µl), DMSO (10 µl), 500 µg ml -1 yeast extract (YE) in water (1 ml), 50 mM sodium chloride (NaCl) in water (1 ml), 50 mM potassium chloride (KCl) in water (1 ml), 60 mM sucrose plus 60 mM sorbitol in water (2 ml), 10 µM N 6 -benzyladenine (BA) in water (1 ml) and 10 µM 1-naphthaleneacetic acid (NAA) in water (1 ml). The mRNA accumulation was quantities by Northern blot analysis up to 18 h as rDNA as a control. The STR activity was measured up to 48 h with protein extracts of hairy roots. The activity at time zero was 430 pkat (mg protein) -1 and set as 1 for relative activity. In some cell cultures, biotic and abiotic elicitors and secondary signal compounds such as MeJA, SA and YE exhibit a remarkable effect on the production of secondary metabolites including TIA. The activation involves coordinate expression of multiple genes in TIA biosynthesis and their related precursor pathways , Pasquali et al. 1992 , Roewer et al. 1992 , Meijer et al. 1993 , Menke et al. 1999a , Collu et al. 2001 . Auxin, that is necessary for maintaining growth in C. roseus suspension cells, is a powerful inhibitor of TIA biosynthesis (Mérillon et al. 1986 ). Auxin exerts a negative effect at the transcriptional level of TIA genes of C. roseus , Pasquali et al. 1992 . However, in the hairy roots of O. pumila, elicitors and signal compounds did not significantly enhance camptothecin production (Saito et al. 2001, Fig. 5) . In this context, it is interesting that the expression of OpSTR, OpTDC and OpCPR was not induced when O. pumila hairy roots were treated with various stress compounds (Fig. 4A-C) . No change in STR activity was also observed after treatment with stress compounds and phytohormones (Fig. 4D) . The present data suggest that OpSTR and OpTDC gene expression may be co-regulated by a different mechanism from that affecting the expression of these genes in C. roseus. More detailed regulatory studies regarding regulatory factors in O. pumila such as those already performed in Catharanthus (Menke et al. 1999b , van der Fits and Memelink 2000 , van der Fits and Memelink 2001 should be useful to identify the differences.
The genes investigated in the present study from O. pumila would be useful to explore metabolic engineering to increase the production of pharmaceutically important alkaloids and to provide knowledge of the system involved in camptothecin biosynthesis.
Materials and Methods
Plant materials
Hairy roots of O. pumila (Saito et al. 2001 ) were grown in 100-ml Erlenmeyer flasks containing 50 ml of Gamborg B5 medium (Gamborg et al. 1968 ) salts and 2% sucrose at 25°C on a rotary shaker (60 rpm) under dark condition. Sterilized O. pumila was cultured as described previously (Kitajima et al. 1997 ).
Amplification of partial cDNA clones by PCR
Total RNA was isolated from 3-week-old hairy roots of O. pumila using RNeasy plant mini kit (Qiagen, Valencia, CA, U.S.A.). mRNA was purified from total RNA using an mRNA separation kit (BD Biosciences Clontech, Palo Alto, CA, U.S.A.), and first-strand cDNA was synthesized using a cDNA synthesis kit (Gibco-BRL, Gaithersburg, MD, U.S.A.). Partial cDNA fragments were PCRamplified using Taq polymerase with degenerate primers corresponding to conserved regions of the reported sequences of STR, TDC and CPR, respectively. The specific sequences of the oligonucleotide primers used are given in Table 1 . PCR was carried out with a thermal cycler SP (Takara, Kyoto, Japan) using the following program: 3 min at 94°C, 30 cycles of 1 min at 94°C, 1 min at 42°C, 2 min at 72°C; followed by an extension step at 72°C for 10 min. For cDNA cloning of TDC and CPR, nested PCRs were performed with the internal sets of primers using the same PCR program. After purification by agarose gel electrophoresis, the amplified DNA was cloned into pT7Blue T vector (Novagen, Madison, WI, U.S.A.) for nucleotide sequence determination. DNA sequencing was performed by Thermo sequenase fluorescent labelled primer cycle sequencing kit (Amersham Pharmacia Biotech, Uppsala, Sweden).
Full-length cDNA cloning
The full-length cDNAs were obtained by screening a λ ZAP cDNA library constructed from polyA(+) RNA of 3-week-old hairy roots of O. pumila using ZAP-cDNA synthesis kit (Stratagene, La Jolla, CA, U.S.A.). The hybridization probes of partial cDNA clones were α-32 P-labeled using the Random Primer DNA labeling kit (Takara, Kyoto, Japan). After overnight hybridization, membranes were washed at 65°C using 2× SSPE and 0.1% SDS, then 1× SSPE and 0.1% SDS. Finally, the blots were washed once with 0.1× SSPE and 0.1% SDS and exposed to imaging plate mounted on BAS2000II bio imaging analyzer (Fujifilm, Tokyo). The identified cDNAs were in vivo excised from the pharges in pBluescript phargemid and sequenced. The 5′ ends of STR and CPR were extended by the 5′-PCRrapid amplification of cDNA ends (RACE) technique (Gibco-BRL, Gaithersburg, MD, U.S.A.) (Frohman et al. 1988 ) based on the partial cDNA fragments. RACE-PCR was performed using the following PCR program: 5 min at 94°C, 30 cycles of 1 min at 94°C, 1 min at 55°C, 2 min at 72°C; followed by an extension step at 72°C for 10 min. The amplified DNA was cloned into pT7Blue T vector for sequence determination. We designated the full-length cDNA clones encoding STR, TDC and CPR from O. pumila as OpSTR, OpTDC and OpCPR, respectively. 
Construction of vectors for recombinant protein expression
To express OpSTR and OpTDC in E. coli, the ORF was cloned into the pETBlue-2 blunt vector (Novagen, Madison, WI, U.S.A.) after PCR amplification. PCR primers were listed in Table 1 . PCR amplification was performed under the following conditions: 2 min at 94°C, 30 cycles of 1 min at 94°C, 1 min at 60°C, 2 min at 72°C; followed by an extension step at 72°C for 10 min. The OpSTR and OpTDC ORFs were cloned into pETBlue-2 blunt vector to give constructs pETOpSTR and pET-OpTDC, respectively. The sequences were confirmed by sequence determination.
The C. roseus STR (CrSTR) and TDC (CrTDC) cDNAs were also expressed in E. coli in the same way. PCR primers were listed in Table  1 . The template C. roseus clones of STR and TDC were kind gift from Dr. J. Memelink (Leiden University).
Heterologous expression in E. coli
The OpSTR, CrSTR, OpTDC and CrTDC clones were individually expressed in E. coli Tuner(DE3)pLacI (Novagen, Madison, WI, U.S.A.) according to the manufacturer's instructions. Briefly, bacteria were grown at 37°C to A 600 0.6, and the expression of recombinant proteins was induced by the addition of isopropyl-β-D-thiogalactopyranoside (final concentration, 1 mM). The expression of recombinant proteins was allowed to proceed to 25 h at 20°C. Bacteria were suspended in buffer A (20 mM sodium phosphate buffer, pH 7.4, 10% glycerol, 10 mM imidazole, 5 mM β-mercaptoethanol, 0.5 M sodium chloride, 0.1% Triton X-100). The resulting solution was briefly sonicated (3×10 s) and the soluble fraction was recovered after centrifugation at 12,000×g for 15 min. The (His) 6 -tag fusion proteins were purified by a metal ion-affinity chromatography. The soluble fraction was applied to a column of Ni 2+ -iminodiacetic acid sepharose (Chelating Sepharose Fast Flow, Amersham Pharmacia Biotech, Uppsala, Sweden) equilibrated with buffer A. Following washing steps with buffer A (ten gel volumes), 60 mM imidazole in buffer A (six gel volumes) and 100 mM imidazole in buffer A (five gel volumes), the enzyme was eluted with 370 mM imidazole in buffer A (three gel volumes). The enzyme solution was buffer-changed to buffer B (50 mM sodium phosphate buffer pH 6.8 for STR or pH 7.6 for TDC, 1 mM phenylmethanesulfonyl fluoride, 5 mM β-mercaptoethanol, 150 mM sodium chloride, 0.1% Triton X-100) using an Ultrafree-15 centrifugal filter device (Millipore, Bedford, MA, U.S.A.) for enzymatic activity assay.
Enzyme assays of STR and TDC
The STR activity was measured as described previously (Pennings et al. 1989) . The standard 100 µl reaction mixture contained 1 mM AAA GCT TCT TTG AGC AAA TCA TCG GAA AAT T tryptamine (hydrochloric salt, Nacalai tesque, Kyoto, Japan), 5 mM secologanin (Sigma-Aldrich, St. Louis, MO, U.S.A.), buffer B (pH 6.8) and 120 µg recombinant enzyme. The influence of pH on enzyme activity was monitored in various buffers changed pH with sodium citrate (pH 3-6.5), sodium phosphate (pH 6-8) and Tris-HCl (pH 7.5-8.5). The assay mixtures were incubated at 37°C for 20 min. The reaction was terminated by cooling on ice, prior to HPLC analysis of strictosidine.
The TDC activity was measured as described previously (Pennings et al. 1987) . The standard 100 µl reaction mixture contained 4 µM pyridoxal 5′-phosphate (Roche, Basel, Switzerland), 5 mM L-tryptophan (Kanto Chem., Tokyo), buffer B (pH 7.6) and 80 µg recombinant enzyme. The influence of pH on enzyme activity was monitored in the same buffers as STR assay. After incubation at 37°C for 20 min, the reaction was terminated by adding 100 µl of 0.1 M NaOH. Prior to HPLC analysis of tryptamine, the alkalized reaction mixture was extracted with ethyl acetate and dried up.
Identification of compounds and kinetic analysis
The determination of strictosidine was performed by reversephase HPLC (Hallard et al. 1998 ) (solvent: 63% methanol containing 7 mM SDS, 37% 25 mM sodium phosphate buffer pH 6.2, flow rate: 1 ml min -1 ; column: TSK gel Octyl-80Ts, 150×4.6 mm, Tosoh, Tokyo) monitored with a photodiode array detector (model L-7455, Hitachi, Tokyo, Japan). The determination of tryptamine was performed by reverse-phase HPLC as the same system for strictosidine identification. The quantification of camptothecin in hairy roots was measured as described previously (Saito et al. 2001) . The products (strictosidine, tryptamine and camptothecin) were further identified by reversed phase HPLC with on-line photodiode array detection and electrospray ionization mass spectrometry method (model LCQ DECA , ThermoQuest, San Jose, CA, U.S.A.). The K m(app) values were determined from Michaelis-Menten plots using six different substrate concentrations.
Southern and Northern blot analyses
For Southern blot analysis, DNA isolated from leaves of O. pumila using DNeasy plant mini kit (Qiagen, Valencia, CA, U.S.A.) was digested with HincII, HpaI, SphI, XbaI and BamHI. For northern blot analysis, RNA was isolated from root, stem and leaf tissues from 6-month-old sterile O. pumila plants and 3-week-old hairy roots by RNeasy plant mini kit (Qiagen, Valencia, CA, U.S.A.). For the mRNA expression study under various stress conditions, 3-week-old O. pumila hairy roots were treated for different periods with 50 µM MeJA (Sigma-Aldrich, St. Louis, MO, U.S.A.) and 100 µM SA (Kanto, Tokyo, Japan) diluted in DMSO, 500 µg ml -1 YE (Becton Dickinson, Franklin Lakes, NJ, U.S.A.), 50 mM sodium chloride, 50 mM potassium chloride, 60 mM sucrose plus 60 mM sorbitol, 10 µM BA, and 10 µM NAA diluted in water.
Southern and Northern blot analyses were performed under high stringency conditions as followings. Southern blots used 10 µg of digested DNA lane -1 , and Northern blots used 10 µg of total RNA lane -1
. Prehybridization was done for 2 h in 5× SSPE (saline/sodium phosphate/EDTA), 5× Denhardt's solution, 0.5% SDS and 20 µg ml -1 denatured salmon sperm DNA at 65°C. The hybridization probes of OpSTR, OpTDC and OpCPR cDNAs were α-32 P-labeled Random primer DNA labeling kit (Takara, Kyoto, Japan). To verify equivalent loading of RNA on blots, membranes were probed with α-32 P-labeled rice rDNA (pRR217) (Takaiwa et al. 1985) . Hybridization and washing of the membranes were carried out as described for library screening. Hybridization signals were detected by a BAS2000II bio imaging analyzer (Fujifilm, Tokyo, Japan).
Protein extraction for STR assay and western blot analysis from sterile plant and hairy root Every 0, 1, 3, 8, 18 , and 48 h after addition of the stress compounds, hairy roots (3-week-old) were harvested and used for protein extraction to assay STR activity. The plant materials (6-month-old) and hairy roots were immediately frozen in liquid nitrogen and stored at -70°C. Frozen tissues were ground to fine powder in a mortar and pestle, and 5% polyvinylpolypyrrolidone and 1 ml buffer C (0.1 M sodium phosphate buffer pH 7.2, 2 mM EDTA, 4 mM 1,4-dithiothreitol) were added per gram of frozen powdered plant material. After thawing and homogenizing, the resulting homogenate was centrifuged at 10,000×g for 5 min. The supernatant was desalted and bufferchanged to buffer B on Sephadex G-25 (PD-10 column, Amersham Pharmacia Biotech, Uppsala, Sweden). The protein concentration was determined using BioRad's adaptation of the Bradford dye assay (Bradford 1976 ) with bovine serum albumin as a standard.
Western blot analysis
For preparation of polyclonal antibody against OpSTR, (His) 6 -tag fusion protein of OpSTR was expressed using pET-32a(+) vector (Novagen, Madison, WI, U.S.A.) in E. coli AD494(DE3)pLysS (Novagen, Madison, WI, U.S.A.). The purified (His) 6 -OpSTR was used for raising antibodies with rabbits.
Protein extract samples (50 µg) were separated by a 12% SDSpolyacrylamide gels and electroblotted onto polyvinylidene difluoride membranes (Millipore, Bedford, MA, U.S.A.). STR was detected by incubating the blot in anti-STR antibody (1 : 2,000 dilution) followed by goat anti-rabbit immunoglobulin G anti-body (1 : 4,000 dilution, Kirkegaard & Perry Lab. Inc., Gaithersburg, MD, U.S.A.) conjugated to alkaline phosphatase, and reacted with 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium as described by the supplier (Gibco-BRL, Gaithersburg, MD, U.S.A.).
